Single ionization of helium by impact of 3.6 MeV/u Au 53+ ions is investigated by means of quantum and classical methods. Calculation of fully-differential cross sections are compared to recently published data for ionization of low-energy electrons as a function of the momentum transferred by the projectile to the target system. The results show that inclusion of the resolution and uncertainties present in the experiment has a major influence on both the shape and magnitude of the calculated cross sections. The effect of using a two-electron model for the He target along with including electron-electron correlation are also investigated. However, after incorporating all the experimental conditions within the calculations, the one-and two-electron results present similar behavior.
Introduction
In this paper we investigate helium single ionization by collision with 3.6 MeV/u Au 53+ ions Au 53+ + He → Au 53+ + He + + e .
The general problem of atomic ionization by impact of fast heavy ions has recently raised considerable interest [1] [2] [3] [4] [5] . The availability of recent experimental data obtained in kinematically complete experiments [6] , where all the independent components of the particles' final momenta are measured, has provoked considerable effort. Due to the detail of the data, comparison to these fully-differential cross-sections are regarded as a stringent test of three-body theories.
In particular, atomic ionization by impact of highly charged Au 53+ has proved to be remarkably difficult to describe theoretically due to the long range of the projectile interaction. High-order theories reproduce accurately the angle and energy spectra of the ionized electrons [7] . However, the situation is different for cross sections related to the projectile deflection. In particular, for single ionization double differential cross sections dσ/dE e dQ perp , the comparison between theory and experiment has shown poor agreement [2] . Although important discrepancies observed were first attributed to the lack of a correct internuclear interaction in the theoretical treatment, its inclusion has not improved the accord with the measured data [1, 8] There may be various reasons for the significant discrepancies observed between theory and experiment. On one hand, the simplification of the problem to a pure three-body collision neglects any two-electron transitions such as double ionization or excitation-ionization processes. For instance, double-ionization has been shown to be more important than single ionization for large values of the momentum transfer [1] .
Moreover, the use of a model to describe the interactions of the He + core with both the electron and the projectile introduces additional ambiguities.
In this work we discuss some of the difficulties found in the determination of helium ionization cross sections. We address the problem in two different steps. In the first part, a three-body collision model with realistic Hartree-Fock target interactions is employed in both the CTMC and CDW theories. These models improve the target description over previous calculations [1, 2, 6, 8] . Later, the effects of many-bodies are studied by including different two-electron models of the target atom in the classical calculations.
Theory
The three-body models employed in the quantum-mechanical and classical theories are essentially equivalent. The present CDW calculations are an extension of those presented previously for hydrogen-like targets [3, 9] . As an extension to the previous papers, the bound initial and continuum final states of the He system are described as eigenfunctions of the same Hartree-Fock potential [10] . Here, the He + core interaction with the active electron is modeled by the two-parameter potential [11] r V(r) = -1 -
The present three-body CTMC calculations were performed using an initial state described by means of a Wigner distribution. The method uses a linear combination of microcanonical atomic states [12] such that the initial distribution resembles closely the He quantum-mechanical density probabilities both in position and momentum space [13] . The initial state and the evolution of the system were computed under the hypothesis that the He + core can be described as a structureless particle. The central potential employed to model the He + core is the same as in the CDW calculations.
We note that the three-body treatments used in the CDW and CTMC methods differ slightly. While the classical theory includes the interaction of the recoil-ion with both the projectile and the electron in the form of a Hartree-Fock potential at all times, in the present CDW theory the projectile-target interaction is approximated by a Coulomb potential with the target charge set equal to unity. However, within the scope of the present work this approximation is justified.
In order to test the validity of a three-body approach for the ionization of a two-electron atom we also performed four-body CTMC calculations. We have employed the so-called d-CTMC method that dynamically incorporates the electron-electron interaction when the atom is perturbed by the projectile [1, 13] . 
Results and discussion
Ionization into the scattering plane Shown are plots for momentum transfers of 0.45 and 0.65 a. u., respectively.
The angular distributions shown in Fig. 1 present a maximum along the direction of the momentum transfer Q, which is in the range θ el ≈ 60°-70°. This result is consistent with the idea of a strong binary projectile-electron collision with no participation by the recoil-ion. One can also observe in Fig. 1 a small maximum in the direction that is the mirror angle to that of the momentum transfer Q . The production of these so-called "swing by" electrons has been predicted recently for ionization of hydrogen by Au 53+ impact [3] . It was shown that the mechanism which produces these electrons is only possible for impact of highly charged ions. Finally, note that the absolute magnitude of the cross sections strongly decreases with increasing momentum transfer. . These values are the same as those reported for the available experimental data [2, 6] . Good agreement is observed between CDW and 7 CTMC results but neither of them resemble the measured cross sections of Fisher et al [6] .
Comparison with experimental data
The absolute values of the differential cross sections for single ionization strongly decrease with increasing momentum transfer. As shown in Fig. 2 the absolute magnitudes are strongly influenced by the experimental momentum and angular resolution. In the cross sections of Fig. 2 the theoretical results were averaged over bins whose size were the same as those reported for the experimental data. However, the acceptance bins are not the only resolution parameters that must be taken into account in the comparison with experimental cross sections.
It is important to discern between the acceptance parameters of the experiment given by the bin sizes employed in the analysis of the data (as described above) and the uncertainties in the measurement of the particles' momenta, related to the actual experimental conditions. In figure 3 we present the CDW and CTMC results corrected by considering some of the uncertainties of the measured data [6, 14] . In the CTMC calculations this uncertainty has been including by means of a Monte Carlo scheme. At the end of each trajectory, after the system has reached its steady final state, the electron and the recoil momenta are randomly perturbed following a normal distribution of probability. Then, the momentum transfer Q and electron scattering angle are calculated from these perturbed momenta. Equivalently, within the CDW theory the perpendicular component of the momentum transfer has been smeared with a normal distribution of probability of width equal to 0.22 a. u. No integrations over the electron energy or angle have been performed in the CDW calculations, unlike in the CTMC case.
The cross sections are found to be strongly modified by the inclusion of the experimental momentum uncertainty and resolution ( 
Effect of two electrons and electron correlation
Good agreement is observed between the three-body classical and quantum-mechanical theories shown in the previous section. Moreover, the inclusion of the experimental uncertainties into the calculations decreases the large gap between calculated and measured cross sections magnitudes observed in a previous work [6] . However, none of the present approaches are able to accurately reproduce the shape of the experimental data.
One possible reason for the discrepancy is the use of three-body models in all theories. In order to test the four-body nature of the problem we performed d-CTMC calculations that explicitly include the two target electrons. In the previous three-body theories the projectile interacts with only two centers, namely, the active electron and the residual nucleus, while the effect of the passive electron is included as a modification to the nuclear Coulomb potential in a central mean field approximation. On the other hand, the d-CTMC models employed here fully consider the projectile dynamics. The deflection of the projectile is the result of the interactions with the three target particles, not a time-averaged He + core potential with a single electron. Moreover, the loss of flux due to double ionization is included. Fig. 4 are the CTMC triple differential cross sections for ionization of 10 eV electrons for a projectile transfer of 0.65 a.u. The four body calculations result in wider distributions than found for the three-body CTMC case, with the maximum of the distributions shifted towards the forward direction. These differences from the 3-body results are most likely due to the dynamical nature of the projectile-core interaction which samples specific, not time averaged, regions of interaction space between the projectile and the two electrons.
Shown in
Major differences still exist between our 3-and 4-body theories and experiment, in particular the lack of the observed strong focussing of the electrons towards zero degrees. Since all our calculations include the post-collision interaction (PCI) between projectile and electron, this focussing cannot be attributed to a PCI effect.
In another paper [10] we show that there is a strong forward enhancement of the electrons if the scattering plane is tilted by approximately 30 0 . The shapes of the cross sections are then very similar to the experimental data. However, it is not for us to conclude that there may be a systematic error in the analysis of the data.
Conclusions
The triple differential cross sections have been investigated for single ionization of helium atoms by impact of highly charged ions at an incident velocity of 12 a.u. 
